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An Epstein-Barr virus (EBV) genome in Burkitt’s lymphoma-derived cell line Akata was cloned into a
bacterial artificial chromosome (BAC) vector. The BAC clone, designated AK-BAC, was rapidly and precisely
modified by means of efficient homologous recombination in Escherichia coli. This system was used to produce
recombinant EBVs with transgenes. An expression cassette of green fluorescent protein (GFP) was inserted
into AK-BAC, and the resultant BAC clone, AK-BAC-GFP, was transfected into Akata cells. We found that
transfected BAC plasmids efficiently formed episomes in EBV-positive Akata cells. Mixtures of wild-type and
AK-BAC-GFP viruses were then produced and used to infect EBV-negative Akata cells. We obtained cell clones
that harbored only AK-BAC-GFP but no wild-type episome. These cell clones produced infectious viruses after
stimulating virus production, and the recombinant viruses of AK-BAC-GFP efficiently immortalized primary
B lymphocytes. We further revised the method so that any kind of cDNA could be rapidly inserted into the
unique I-Ppol site that had been artificially introduced into AK-BAC. The AK-BAC system will have a broad
range of applications, such as genetic analyses of various viral gene products and development of viral vectors

for human gene therapy.

Epstein-Barr virus (EBV) is a ubiquitous human herpesvirus
that establishes latent infection in B lymphocytes (23). EBV is
associated with various lymphoid and epithelial malignancies,
such as Burkitt’s lymphoma, nasopharyngeal carcinoma, lym-
phoproliferative diseases in immunosuppressed patients, and
gastric carcinoma (23). In vitro, EBV transforms peripheral
human B lymphocytes into indefinitely proliferating lympho-
blastoid cell lines (LCLs).

Latently infected B cells maintain EBV genomes as 170-kb
circular plasmids, referred to as episomes, and express only
limited numbers of viral gene products (23). In LCLs, EBV
establishes type III latency, in which six nuclear antigens
(EBNA-1, EBNA-2, EBNA-3A, EBNA-3B, EBNA-3C, and
EBNA-LP), three latent membrane proteins (LMP-1, LMP-
2A, and LMP-2B), two small nonpolyadenylated RNAs
(EBER-1 and EBER-2), and transcripts from the BamHI-A
region (BARTS) are expressed (23). Understanding how these
latently expressed viral gene products contribute to B-cell
transformation has been attracting intense interest, as this pro-
cess represents, at least partly, the oncogenic ability of EBV
(11).

On the other hand, EBV is a potential vector for human
gene therapy (35), although it is identified as a tumor virus. For
example, recombinant EBVs with transgenes combine B-cell
immortalization and gene transfer into a single step and will be
used to express transgenes in LCLs. Alternatively, replication-
incompetent vectors with minimal viral elements can be pro-
duced as amplicon vectors (2, 34). Amplicon vectors can ac-
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commodate transgenes up to 120 kb (36), and such large
transgene capacity makes the EBV vector a promising one to
deliver genomic transgenes for gene therapy.

Like other herpesviruses, generating recombinant EBVs are
essential not only for delineating the molecular functions of
viral gene products but also for developing EBV-based vectors.
However, mutagenesis of the EBV genome is actually very
inefficient, mainly because there is no host cell that fully sup-
ports lytic replication immediately after EBV infection. Until
recently, site-directed mutagenesis of EBV could be per-
formed only by homologous recombination in EBV-positive
cells after transfection of DNA fragments carrying mutations
(7, 11). However, the frequency of homologous recombination
is usually very low due to poor replication efficiency. Identify-
ing cells with a homologously recombined genome is time-
consuming and tedious work. As a result, in contrast to the
plentiful selection of herpes simplex virus mutants available
(24), limited numbers of EBV mutants are available. There-
fore, there is a strong demand for a novel experimental strat-
egy that allows more efficient generation of recombinant
EBVs.

Recently, introducing the bacterial artificial chromosome
(BAC) system into the genetics of herpesviruses has started to
change the situation (4, 33). In the BAC system, the entire viral
genome can be propagated in Escherichia coli, and mutations
can be rapidly and precisely introduced into any kind of viral
genes. Following the successful cloning of other herpesviruses,
the B95-8 strain of EBV was cloned in a BAC vector (8). The
system employed epithelial 293 cells as virus-producing cells,
and virus production was induced by transfecting an expression
vector encoding a viral immediate-early protein BZLF1 (8). To
date, this system is the only available BAC-based system that
can produce recombinant EBVs.
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FIG. 1. Insertion of a BAC vector sequence into the EBV genome derived from Akata cells. (A) Map of the genome of Akata strain EBV
surrounding the targeted region before and after the insertion of a BAC vector sequence. The positions of BamHI (Bam) and Xbal (Xba) sites
are indicated. White arrowheads indicate the positions of HindIII sites located at the ends of the linear targeting construct (HindIII F fragment).
The positions of the BAC vector sequence (BAC), chloramphenicol resistance gene (Cm®) (works in E. coli), and neomycin resistance gene (Neo®)
(works in mammalian cells) are shown. The BamHI X fragment was used as a probe for Southern blot analyses. (B) Southern blot analyses using
BamHI- or Xbal-digested genomic DNAs of G418-resistant cell clones. The bands derived from BAC-inserted EBV (white arrowheads) and the
bands derived from wild-type EBV (black arrowheads) are indicated. Note that only clone 6, but not clone 8, exhibits an expected band pattern.

In this report, we describe establishment of the second BAC-
based system for generating EBV recombinants. We chose
Burkitt’s lymphoma-derived cell line Akata as a virus-produc-
ing cell line (31). In Akata cells, production of progeny viruses
can be induced by cross-linking surface immunoglobulin G
(IgG) molecules using anti-IgG antibodies (30, 32). Therefore,
large quantities of pure recombinant viruses can readily be
produced by anti-IgG antibody treatment (28). In contrast, it is
unpractical to obtain equivalent amounts of viruses using the
293 cell system, as virus production always requires BZLF1
transfection.

We show that the Akata-derived BAC clone, designated
AK-BAC, can be modified by applying a homologous recom-
bination system in E. coli, called GET recombination (19).
Combining the AK-BAC and GET recombination systems en-
abled rapid and precise modification of the EBV genome. We
applied the system for generating replication-competent vec-
tors with transgenes and found that BAC-derived recombinant
viruses retained the ability to transform B cells. The system was
further revised so that any kind of cDNA could be rapidly
inserted into the EBV genome by simple in vitro ligation.

MATERIALS AND METHODS

Cells and virus production. Akata, a human Burkitt’s lymphoma-derived cell
line carrying EBV episomes (31), and an EBV-negative Akata cell line (27) were
grown in RPMI 1640 medium (Sigma-Aldrich Fine Chemicals, St. Louis, Mo.)
supplemented with 10% fetal bovine serum. Virus production from Akata cells
was induced by cross-linking surface IgG using rabbit anti-human IgG (Dako-
Cytomation, Carpinteria, Calif.) as described previously (30, 32). EBV-negative
Akata cells were infected with diluted (1:5 and 1:10) culture supernatant, and
infected cells were isolated by selection with G418 (Sigma) (700 pg/ml) as
previously described (28).

BAC cloning of EBV genome derived from Akata cells. The targeting construct,
TXneoV-BAC, used for BAC cloning of the EBV genome derived from Akata
cells is essentially the same as the one used to generate a recombinant EBV
expressing enhanced green fluorescent protein (EGFP-EBV) (18) except for the
presence of the BAC vector sequence instead of the EGFP expression cassette.
Briefly, TXneoV-BAC had a 2,010-bp EcoRV-Sall fragment (containing the
neomycin resistance gene [Neo® gene]) of pcDNA3 (Invitrogen) and a 6,877-bp
Notl fragment (containing the BAC vector sequence and chloramphenicol re-
sistance gene [Cm" gene]) of pBeloBAC11 (Genome Systems) inserted into the
BamHI X fragment. This insertion site corresponds to nucleotide 131290 of the
wild-type EBV sequence (GenBank accession number AJ507799) (6), where the
Smal site is located.

The HindIII F fragment (15.2 kb) of TXneoV-BAC (see Fig. 1A), which was
9.2 kb longer than the wild-type fragment due to the insertion of a neomycin
resistance gene and a BAC vector sequence, was excised and introduced to
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EBV-positive Akata cells by electroporation (Bio-Rad Gene Pulser II; 190 V,
950 wF). Transfected cells were then plated at 10* cells per well in 96-well tissue
culture plates in medium containing 375 pg of G418 (Sigma) per ml. Half of the
culture medium was replaced with fresh G418-containing medium every 5 days.
Drug-resistant clones were screened by Southern blotting for the presence of
homologously recombined viral DNAs.

Southern blot analysis. Genomic DNAs were extracted by the standard pro-
teinase K-sodium dodecyl sulfate method, followed by phenol-chloroform ex-
traction and ethanol precipitation. Southern blotting was performed as previ-
ously described (18).

Plasmids. A BamHI fragment of pUC4K (Pharmacia) containing a kanamycin
resistance marker gene was cloned into the BamHI site of pBS246 (Life Tech-
nologies) to make pBS246-km. A Sall (blunted)-BamHI fragment of pSG5
(Stratagene) was cloned between the Asel (blunted) and BamHI sites of
pEGFPN1 (Clontech) to produce p(SG5)-EGFP. The EcoRI-NotI fragment of
p(SG5)-EGFP containing the EGFP gene was replaced with a synthetic oligo-
nucleotide (5'-AATTCTATGACTCTCTTAAGGTAGCCAAAAGC-3") con-
taining a recognition sequence of I-Ppol to make p(SGS)-IPpol. pBS246-km,
p(SG5)-EGFP, and p(SG5)-IPpol were used as PCR templates to produce linear
targeting constructs for GET recombination.

pGEMO9ZSf(—)-IPpol has a unique I-Ppol site replacing the T7 promoter of
pGEMYZf(—) and is supplied as a control vector of I-Ppol enzyme (Promega).
The synthetic I-Ppol site (described above) was cloned into EcoRI-NotI-digested
pGEMO9Zf(—)-IPpol to construct a double I-Ppol vector with two I-Ppol sites. A
BamHI fragment (blunted) of APR-Mucl (3) (kindly provided by Keiichi Kon-
tani, Shiga University of Medical Science, Otsu, Japan, and Toshio Kudo, To-
hoku University, Sendai, Japan) containing Muc-1 cDNA was cloned into the
HinclI site of a double I-Ppol vector to construct pIPpol-Mucl.

Electrotransformation of E. coli. Electrocompetent E. coli DH10B bacterial
cells were prepared as described previously (26). Electrotransformation was
performed using a Bio-Rad Gene Pulser II electroporation system (0.1-cm cu-
vette, 1.25 kV, 25 pF, 100 €, 40 pl of cells).

BACmid preparation and DNA analysis. For minipreparations, each BAC
plasmid (BACmid) DNA was isolated from a 1.5-ml portion of a bacterial culture
using an alkaline lysis procedure according to a protocol [Current protocols in
human genetics. Unit 5.15. Construction of bacterial artificial chromosome
(BAC/PAC) libraries] found at the Murdoch Children’s Research Institute web-
site (http://murdoch.rch.unimelb.edu.au/). Each miniprep DNA sample prepared
from a 1.5-ml portion of a bacterial culture was used for one reaction of restric-
tion enzyme digestion in a total volume of 40 pl. For maxipreparations, BACmid
DNA was isolated from each 500-ml bacterial culture using a Nucleobond
BACI00 kit (Macherey-Nagel, Duren, Germany) according to the manufactur-
er’s instructions. BACmid DNAs digested with restriction enzymes were resolved
by 0.8% agarose gel electrophoresis for 15 h at 40 V and visualized by ethidium
bromide staining.

Pulsed-field gel electrophoresis was performed using Genofield AE-8900
(ATTO Corporation, Tokyo, Japan) according to the manufacturer’s instruc-
tions.

Modifications of AK-BAC in E. coli. Modifications of AK-BAC were per-
formed in E. coli using GET recombination as previously described (19, 20).
Briefly, the plasmid pGETrec (kindly provided by Panayiotis Ioannou, Murdoch
Institute, Melbourne, Victoria, Australia) was transformed into E. coli DH10B
harboring a BACmid to be modified. DH10B cells containing both BACmid and
pGETrec were selected on Luria-Bertani (LB) plates containing 12.5 pg of
chloramphenicol per ml and 50 wg of ampicillin per ml. The resulting resistant
DHI10B cells were made electrocompetent after induction of Redy, RecE, and
RecT by 0.2% arabinose addition.

Linear targeting constructs for GET recombination were prepared by PCR as
described previously (19). To construct AK-BACAneo, pBS246-km was used as
a PCR template. A pair of 77-mer oligonucleotides was designed to carry a
57-mer oligonucleotide homologous to the target region of AK-BAC at their 5’
ends and a 20-mer oligonucleotide homologous to the PCR template at their 3’
ends. The resultant PCR product (1.6 kb long) was gel purified, digested with
Dpnl to remove methylated PCR template DNA, and ethanol precipitated.
Approximately 200 ng of the linear PCR product was electroporated into re-
combinase-induced E. coli DH10B electrocompetent cells (harboring AK-BAC
and pGETrec). Colonies of recombinant BACmids were identified by plating
cells on LB plates containing chloramphenicol (12.5 pwg/ml) and kanamycin (50
pg/ml). Modified BAC clones were purified away from pGETrec by miniprep
DNA isolation and electroporation into DH10B cells.

Removal of the kanamycin resistance marker gene from AK-BACAneo was
performed by treating miniprep DNA of AK-BACAneo with purified cre recom-
binase (Novagen) in vitro according to the manufacturer’s instructions. One
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microliter of the reaction mixture was then used to transform electrocompetent
DHI10B cells, followed by selection on LB plates containing chloramphenicol.
Bacterial clones with AK-BACAneoAkm were chosen by checking their sensi-
tivity to kanamycin.

To construct AK-BAC-GFP and AK-BAC-IPpol, p(SG5)-EGFP and p(SG5)-
IPpol were used as PCR templates to prepare linear targeting constructs (4.2 and
3.6 kb long), respectively. This insertion site corresponds to nucleotide 145342 of
the wild-type EBV sequence (GenBank accession number AJ507799) (6). AK-
BAC-GFP2 has a transgene (identical to that of AK-BAC-GFP except for the
presence of an additional loxP site) inserted downstream of the BAC vector
sequence within the BamHI X region. GET recombination was performed using
recombinase-induced DHIOB electrocompetent cells harboring AK-
BACAneoAkm and pGETrec.

The sequences of 77-mer oligonucleotides and the PCR conditions used for
GET recombination are available upon request.

In vitro construction of AK-BAC-Mucl. AK-BAC-IPpol was linearized by
I-Ppol (Promega). A 170-kb linear vector of AK-BAC-IPpol was then treated
with shrimp alkaline phosphatase (Promega), followed by heat inactivation ac-
cording to the manufacturer’s instructions. A 4.2-kb I-Ppol fragment of pIPpol-
Mucl was ligated to the linear and dephosphorylated AK-BAC-IPpol vector in
a total volume of 10 pl at 16°C for 2 h using the LigaFast rapid ligation system
(Promega). The ligation mixture was then diluted fivefold, and 1 pl of the diluted
reaction mixture was used for transformation of electrocompetent DH10B cells.

Transfection of BACmids into Akata cells. EBV-positive Akata cells (5 X 10°)
were transfected with 5 to 10 ug of BACmid DNA (prepared using a Nucleobond
BACI100 kit) via electroporation (Bio-Rad Gene Pulser II; 190 V, 950 uF).
Transfected cells were resuspended in 5 ml of culture medium and plated into
six-well dishes. At 2 days posttransfection, cells were plated at 10* cells per well
in 96-well tissue culture plates in medium containing 400 pg of G418 (Sigma) per
ml. Half of the culture medium was replaced with fresh G418-containing medium
every 5 days. G418-resistant clones were screened for the presence of episomally
maintained BACmids. EBV-negative Akata cells or EBV-negative, EBNA1-
positive Akata cells (with constitutive EBNA1 expression, hygromycin resistant)
were also used as recipient cells.

Episomal DNA preparation and BAC rescue. EBV episomes were isolated
from Akata cells by an alkaline lysis procedure as described previously (29) with
minor modifications. Briefly, 2 X 10° cells were washed once in phosphate-
buffered saline (without calcium and magnesium), pelleted by centrifugation at
1,500 X g, and resuspended in 200 wl of lysis buffer (50 mM NaCl, 2 mM EDTA,
1% sodium dodecyl sulfate; buffer adjusted to pH 12.45 with NaOH). The cells
were lysed by vortexing them (model G560; Scientific Industries, Bohemia, N.Y.)
at the highest speed for 1 min, followed by incubation at 30°C for 30 min. The
lysis buffer was neutralized by the addition of 40 pl of 1 M Tris-HCI (pH 7.0), 22
wl of 5 M NaCl, and 1 pl of 20-mg/ml proteinase K. The cellular proteins were
partially degraded by incubation at 37°C for 30 min. The cell lysates were
extracted with 88 wl of phenol (saturated with 0.2 M NaCl-0.2 M Tris-HCI [pH
8.0]) by gently inverting the tubes. The tubes were then chilled slowly to 4°C, and
the phases were separated by centrifugation at 15,000 X g for 15 min at 4°C. The
aqueous phase (240 pl) was recovered using wide-bore tips, and 80 wl of chlo-
roform-isoamyl alcohol mixture (24:1) was added. The phases were separated as
described above, and 200 pl of the aqueous phase was mixed with 400 ul of
ethanol. The precipitated episomal DNAs were recovered by centrifugation at
15,000 X g at 4°C for 15 min, washed once with 70% ethanol, and redissolved in
5 wl of H,O. One microliter of each episomal preparation was used to transform
electrocompetent DH10B cells.

Infection of cord blood lymphocytes. Serially diluted (10~! to 107>) culture
supernatants containing recombinant EBVs of EGFP-EBV (18) or AK-BAC-
GFP were used to infect purified cord blood mononuclear cells (10° cells for each
infection). Infected cells were then plated at 2 X 10° cells per well in 96-well
tissue culture plates (4 wells for each infection). Half of the culture medium was
replaced with fresh medium every 5 days. The number of wells with growing cells
was counted at 5 weeks postinfection, and 50% transforming doses (TDs,/ml)
were calculated by the Reed-Muench method (5).

Immunofluorescence. Expression of EBV capsid antigen was tested on ace-
tone-fixed cells by indirect immunofluorescence with a monoclonal antibody
(MAD) CL.50-1 specific for gp110 (encoded by BALF4) and a Cy3-conjugated
anti-mouse IgG (Jackson ImmunoResearch). Muc-1 expression was tested on
cells (that had been fixed by 3.7% formaldehyde) by indirect immunofluores-
cence with MAb CD227 specific for tandem repeats of Muc-1 protein (Phar-
Mingen).

Immunoblotting and RT-PCR. Immunoblotting was performed using whole-
cell extracts essentially as previously described (37). Expression of EBNA pro-
teins was detected with human serum reactive to six EBNA proteins as a primary
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antibody and a horseradish peroxidase-conjugated anti-human IgG as a second-
ary antibody, while expression of LMP1 was detected using MAb S12 (specific for
LMP1) and peroxidase-conjugated anti-mouse IgG. Expression of BARTSs was
examined by reverse transcription-PCR (RT-PCR) analysis as previously de-
scribed (14).

RESULTS

Cloning the Akata cell-derived EBV genome into a BAC
vector. Several transgenes that include a GFP gene and a
neomycin resistance gene have been successfully inserted into
the BamHI X region of the EBV genome derived from Akata
cells (Akata strain EBV) without affecting viral replication and
production of progeny viruses (18, 28). As insertion of trans-
genes into this site disrupts the BXLF1 open reading frame
encoding viral thymidine kinase (Fig. 1A), viral thymidine ki-
nase is apparently nonessential for viral replication and infec-
tion. Therefore, we decided to put a BAC vector sequence into
exactly the same location. Akata cells carrying EBV episomes
were transfected with a targeting construct containing a BAC
vector sequence, chloramphenicol resistance gene (Cm* gene,
a bacterial selection marker), and neomycin resistance gene
(Neo" gene, a mammalian selection marker) (Fig. 1A), and
transfected cells were selected by G418. G418-resistant cell
clones were screened by Southern blotting for the presence of
cell clones with homologously recombined EBV episome (Fig.
1A). The results of Southern blotting revealed that one of the
cell clones (clone 6 in Fig. 1B) exhibited the bands derived
from homologously recombined EBV episome in addition to
the bands derived from wild-type EBV episome.

Episomal DNA was prepared from clone 6 and used to
transform electrocompetent DH10B bacterial cells. As a BAC
vector sequence and a chloramphenicol resistance gene were
inserted into EBV genomes (Fig. 1A), the transformed bacte-
rial cells were selected by chloramphenicol. Several chloram-
phenicol-resistant colonies were then grown, and DNA was
extracted from bacterial cells. Restriction enzyme analyses re-
vealed that, in all the clones examined, BamHI- and EcoRI-
digested band patterns fit very well with the available restric-
tion enzyme mapping data of the genome of Akata strain EBV
(Fig. 2A). These results also fit well with the previous data on
restriction enzyme-digested Akata virion DNA (31). We also
tested several other restriction enzymes and found that all the
tested enzymes generated DNA fragments of the expected
sizes (data not shown). Therefore, we conclude that the ge-
nome of Akata strain EBV has been successfully subcloned
into a BAC vector.

This BAC clone was designated AK-BAC (for Akata-
derived BAC clone of EBV), and its schematic structure is
shown in Fig. 2B. AK-BAC contains a BAC vector sequence
and Cm" and Neo" genes inserted into the BamHI X region.
Detailed mapping of AK-BAC revealed that it has 5 copies of

indicated to the right of the gels. Note that the BamHI X fragment
(originally 2.1 kb) had increased in size to 11.3 kb due to the insertion
of a BAC vector sequence. (B) Schematic representation of AK-BAC.
The positions of BamHI fragments (capital letters) are indicated. The
numbers of terminal repeats and W repeats (IR1) are shown. The
region of EBV genome that is deleted in B95-8 strain of EBV is also
indicated.
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FIG. 3. Deleting a neomycin resistance gene from AK-BAC. (A) Map of AK-BAC surrounding the neomycin resistance gene (Neo®) to be
deleted. GET recombination was used to replace the Neo™ gene of AK-BAC with the kanamycin resistance gene (Km®), and the Km" gene was
subsequently removed by in vitro cre recombinase treatment. The positions of loxP sites used to excise the Km" gene are shown. The sizes of the
BamHI (Bam) and EcoRI (Eco) fragments demonstrating the successful modifications are indicated. (B) Restriction digestion analysis of BAC
clones shown in panel A. The bands demonstrating successful modification are indicated by small white circles. Note that the bands containing
terminal repeats (white arrowheads) and IR1 and IR4 are identical in these clones.

W repeats and 11 copies of terminal repeats. The genome of
Akata strain EBV retains the 12-kb region that is missing in
B95-8 strain (6, 21) and is thought to be a prototype EBV. The
overall size of AK-BAC is calculated to be 179 kb.

Rapid modification of the EBV genome via homologous re-
combination in E. coli. Our initial attempt to reintroduce AK-
BAC into Akata cells via transfection was unsuccessful, pre-
sumably because the neomycin resistance gene of AK-BAC
was not efficient enough to confer drug resistance to trans-
fected cells (data not shown). Therefore, we decided to remove
this marker gene and instead put another neomycin resistance
gene with a different origin into another location within AK-
BAC.

We took advantage of the very efficient homologous recom-
bination in E. coli to modify AK-BAC. The recombination
strategy we employed in this study is called GET recombina-
tion (19, 20), which utilizes Redy of A phage and RecE and
RecT of Rac phage. The methods used to remove the neomy-
cin resistance gene are summarized in Fig. 3A. First, the neo-
mycin resistance cassette was replaced with a kanamycin resis-
tance gene (Km" gene) (Fig. 3A) that was flanked with two
loxP sites (AK-BACAneo). Subsequently, the kanamycin resis-
tance gene was removed by treating the BAC DNA with pu-
rified cre recombinase in vitro. The resultant BAC clone, des-
ignated AK-BACAneoAkm, had only a BAC vector sequence
and a chloramphenicol marker gene inserted into the BamHI
X region of the genome of Akata strain EBV. These modifi-

cations were verified by agarose gel analyses of parental and
modified BAC clones. We observed expected changes of band
sizes of BamHI-digested and EcoRI-digested DNAs (Fig. 3B).
Other bands remained unchanged throughout, demonstrating
that unwanted and illegitimate mutations were unlikely. As
repeated sequences within the EBV genome may become un-
stable during recombinogenic engineering, we routinely
checked copy numbers of terminal repeats (TR), internal re-
peat 1 (IR1), and IR4. The length of TR can easily be checked
by BamHI or EcoRI digestion, while the length of IR1 and IR4
can be checked by Ncol digestion. The results revealed that
their copy numbers were maintained stably in modified BAC
clones (Fig. 3B).

Putting a GFP/neomycin resistance transgene into AK-BAC.
A cassette consisting of a GFP gene and neomycin and kana-
mycin resistance genes (GFP/Neo’/Km" cassette) was then in-
serted into AK-BACAneoAkm. The GFP gene is driven by the
simian virus 40 (SV40) enhancer and promoter, while the Neo"
and Km" genes are under the control of both bacterial and
mammalian promoters (SV40 enhancer and promoter). There-
fore, kanamycin selection can be used for GET recombination
in E. coli, while G418 selection can be used for human cells. In
order to examine the feasibility of inserting transgenes into
various loci within the EBV genome, the cassette was inserted
into two different loci of AK-BACAneoAkm (Fig. 4A). One
locus is downstream of the right Iytic replication origin (oriLyt)
(9) (located in the BamHI B1 fragment), which is in the middle
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FIG. 4. Putting a GFP transgene into two different loci in the EBV genome via GET recombination. (A) Map of the transgene insertion
location. The GFP/Neo"/Km" transgene was inserted downstream of the right oriLyt (AK-BAC-GFP) or downstream of the BAC vector sequence
(AK-BAC-GFP2) of AK-BACAneoAkm. An additional loxP site is included in the transgene of AK-BAC-GFP2 so that the BAC vector sequence
can be removed in case it is required. The sizes of EcoRI (Eco) fragments demonstrating successful transgene insertion are indicated. The locations
of IR4 and right oriLyt are also shown. The positions of BamHI (Bam) sites are also shown. (B) EcoRI digestion of BAC clones before and after
transgene insertion. The bands demonstrating successful modification are indicated by small white circles. The position of the band containing

terminal repeats is indicated by the white arrowhead.

of the region deleted in the B95-8 strain of EBV (6, 21). The
other locus is just downstream of the BAC vector sequence
within the BamHI X fragment.

Successful insertion of the GFP/Neo’/Km" cassette was ver-
ified by agarose gel analyses of parental (AK-BACAneoAkm)
and transgene-inserted BAC clones (Fig. 4B). We observed the
expected changes in band sizes of EcoRI-digested DNAs (Fig.
4B) and BamHI-digested DNAs (data not shown). The result-
ant BAC clones with the GFP/Neo'/Km" cassette were desig-
nated AK-BAC-GFP (transgene inserted into the region de-
leted in strain B95-8) and AK-BAC-GFP2 (transgene inserted
into the BamHI X region). Again, the copy numbers of TR,
IR1, and IR4 were identical in AK-BAC, AK-BAC-GFP, and
AK-BAC-GFP2 (data not shown). Successful insertions of
transgenes into two different loci within the EBV genome
demonstrate that GET recombination is a highly reliable
method to modify the EBV genome.

Successful transfer of BACmids into Akata cells. BACmids
with transgenes were then reintroduced into Akata cells (EBV
positive or negative) via electroporation. Transfected cells
were selected by G418, and G418-resistant cell clones with
varied levels of GFP expression appeared. Episomal DNA
fractions were prepared from G418-resistant cell clones, and
they were used for transforming competent E. coli DH10B
cells. This strategy enabled us to rescue episomally maintained

BACmids as bacterial clones and to determine which cell
clones contained episomally maintained BACmids. We found
that transfected BACmids efficiently formed episomes in EBV-
positive Akata cells. For example, when AK-BAC-GFP was
transfected into EBV-positive Akata cells, we examined 27
G418-resistant cell clones and found that 15 of these clones
harbored episomal BACmids, while the rest (12 clones) did not
(Table 1, experiment 1). The BAC clones rescued from trans-

TABLE 1. Frequency of episome formation after transfection of
various BACmids into EBV-positive or -negative Akata cells

No. of cell clones obtained

BAC clone Recipient cell F;I)g)t G418-  Episome- Intact

. o e episome-

resistant  positive positive
AK-BAC-GFP  EBV-positive Akata 1 27 15 2
2 16 14 2
AK-BAC-GFP  EBV-negative Akata 3 6 0 0
4 5 0 0
AK-BAC-GFP2 EBV-positive Akata 5 6 5 1
6 15 14 3
AK-BAC-Mucl EBV-positive Akata 7 8 2 0
8 22 8 3
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from cell clone 4

BACmids rescued
from cell clone 12
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FIG. 5. Successful introduction of AK-BAC-GFP back into Akata
cells. AK-BAC-GFP was transfected into EBV-positive Akata cells,
and the transfected cells were selected by G418. Episomal DNAs were
prepared from G418-resistant clones, and the rescued BAC clones
were analyzed by EcoRI digestion and agarose gel analysis. The results
from 16 independent BAC clones, 8 clones each from cell clones 4 and
8, are shown. Note that the band pattern of these BAC clones is
identical to that of AK-BAC-GFP generated in E. coli (shown in Fig.
4B). The position of the band containing terminal repeats is indicated
by the white arrowhead.

fected EBV-positive Akata cells were analyzed by restriction
enzyme digestion. We found that two cell clones of the 15
episome-positive cell clones contained intact AK-BAC-GFP
(Table 1, experiment 1), as the BAC clones rescued from these
cells exhibited an EcoRI-digested band pattern identical to
that of AK-BAC-GFP (Fig. 5, cell clones 4 and 12). This result
was further confirmed by restriction digestion analyses using
BamHI and Ncol (data not shown). The rest of the episome-
positive cell clones (13 clones) turned out to contain episomes
with different degrees of rearrangement (data not shown). We
repeated the experiment and obtained cell clones with intact
AK-BAC-GFP with similar efficiency (Table 1, experiment 2).
AK-BAC-GFP2 (Fig. 4) was also tested to verify the reproduc-
ibility of this experiment. We found that intact AK-BAC-GFP2
was successfully introduced into EBV-positive Akata cells with
similar efficiency (Table 1, experiments 5 and 6). We conclude
that intact BACmids can reproducibly be introduced into
EBV-positive Akata cells via transfection.

In contrast, when AK-BAC-GFP was transfected into EBV-
negative Akata cells, the number of G418-resistant cell clones
that appeared after transfection and G418 selection was much
lower than the number for EBV-positive Akata cells, and
BACmids were not rescued from those cell clones (Table 1,
experiments 3 and 4). As EBNAL1 protein is necessary and
sufficient for episomal maintenance of transfected oriP plas-
mids (15), we examined whether stable expression of EBNAL1
protein in EBV-negative Akata cells could increase the effi-
ciency of episome formation of transfected BACmids. After
transfection of AK-BAC-GFP into EBV-negative, EBNAI1-
positive Akata cells, 28 cell clones of 55 G418-resistant cell
clones (51%) turned out to contain episomes. The result is
comparable to the episome formation efficiency of AK-BAC-
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A (clone 12) (clone 12-15)
\\% W+BAC BAC
anti IgG treatment - + - + - +

8.6 kb ==

e - -

AK-BAC-GFP

FIG. 6. Amplification of AK-BAC-GFP in the absence of wild-type
EBV. (A) Genomic DNAs of Akata cells harboring wild-type EBV
(W), cell clone 12 harboring wild-type EBV and AK-BAC-GFP
(W+BAC), and cell clone 12-15 harboring only AK-BAC-GFP (BAC)
were prepared before (—) and after (+) anti-IgG treatment. BamHI-
digested genomic DNA was analyzed by Southern blotting using the
BamHI X fragment as a probe. The positions and sizes of the band
derived from AK-BAC-GFP (white arrowhead) and the band derived
from wild-type EBV (black arrowhead) are indicated. Note that cells
harboring only AK-BAC-GFP exhibit amplification of viral DNAs in
the absence of wild-type virus (lanes 5 and 6). (B) Expression of viral
capsid antigen (gpl10) after anti-IgG treatment in cells harboring
wild-type EBV episome and in cell clone 12-15 harboring AK-BAC-
GFP. The corresponding differential interference contrast (DIC) im-
ages are also shown.

GFP after transfection into EBV-positive Akata cells (29 cell
clones of 43 G418-resistant cell clones [67%]; Table 1, exper-
iments 1 and 2). These data strongly suggest that efficient
episome formation occurring in EBV-positive Akata cells is
due to EBNA1 protein, which is supplied from wild-type EBV
episomes in trans.

Generating cell clones which produce recombinant viruses
of AK-BAC-GFP. Cell clone 12 (Fig. 5), which was obtained by
transfecting AK-BAC-GFP into EBV-positive Akata cells, was
subjected to further experiments. We next tried to establish
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FIG. 7. LCLs established by infection with AK-BAC-GFP virus. (A) Phase-contrast (left) and fluorescence (right) images of an established
LCL. Note that proliferating cells are clustered and 100% GFP positive. (B) Expression of EBNA proteins and LMP1 protein in various cell lines.
Whole-cell extracts of Akata cells with wild-type EBV [EBV(+)], EBV-negative [EBV(—)] Akata cells, Akata cells harboring AK-BAC-GFP
(clone 12-15), and LCLs established with EGFP-EBV or with AK-BAC-GFP virus were analyzed for the expression of EBNA and LMP1 proteins.
Note that LCLs derived from AK-BAC-GFP virus exhibit type III latency (lanes 5 and 6), while EBV-positive Akata cells (lane 1) and Akata cells
harboring AK-BAC-GFP (lane 3) exhibit type I latency. (C) RT-PCR analysis demonstrating the expression of BARTs derived from AK-BAC-
GFP. The lanes are numbered identically to the lanes in panel B. Expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is presented
as a control. (D) EcoRI digestion of BAC clones rescued from four independent LCLs established by AK-BAC-GFP virus. The bands containing
terminal repeats are indicated by small white circles, and the copy numbers of terminal repeats estimated from the sizes of these bands are

indicated at the bottom of the gel.

cell lines that contained only AK-BAC-GFP and lacked wild-
type virus. For this purpose, virus production was induced from
clone 12, and the mixture of wild-type and BAC-containing
viruses was produced. The mixture was then used to infect
EBV-negative Akata cells (28). After G418 selection, all of the
G418-resistant cell clones turned out to be GFP positive.
G418-resistant cells that appeared in individual wells of culture
plates were examined for the induction of gpll0 protein
(BALF4 gene product) after anti-IgG treatment. A cell clone
exhibiting good gp110 induction was further subcloned by lim-
iting dilution protocol. As a result, we obtained cell clones with
good gp110 induction level.

One of the cell clones, designated clone 12-15, was chosen
because it exhibited the strongest gp110 induction after anti-
IgG treatment, and the clone was used for further analyses. We
prepared genomic DNAs from EBV-positive Akata cells (har-
boring wild-type genome), clone 12 (harboring wild-type and
AK-BAC-GFP) (Fig. 5), and clone 12-15 before and after

stimulating virus production by anti-IgG treatment. Southern
blotting using prepared genomic DNAs revealed that clone 12
actually exhibited bands derived from both wild-type genome
and AK-BAC-GFP, while clone 12-15 exhibited only the AK-
BAC-GFP bands. Southern blotting also revealed that, in clone
12-15, the AK-BAC-GFP band was significantly enhanced af-
ter anti-IgG treatment in the absence of wild-type EBV (Fig.
6A). Moreover, the production of gp110 protein observed in
clone 12-15 after anti-IgG treatment was comparable to that
observed in Akata cells having wild-type virus (Fig. 6B). Cul-
ture supernatant of anti-IgG-treated clone 12-15 was readily
used to infect EBV-negative Akata cells. We found that more
than 50% of recipient cells expressed GFP shortly after infec-
tion (data not shown). These results demonstrate that AK-
BAC-GFP is competent for making infectious viruses after
anti-IgG treatment in the absence of wild-type virus.

The same experimental strategy described above was used to
obtain cell clones with AK-BAC-GFP2 but without wild-type
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FIG. 8. Insertion of the Muc-1 transgene into the genome of Akata strain EBV in vitro. (A) Map of the transgene insertion location.
GET recombination was first used to insert a cassette containing an I-Ppol site. AK-BAC-IPpol has a unique I-Ppol site flanked with an SV40
enhancer and promoter and a polyadenylation signal (pA). An I-Ppol fragment containing a Muc-1 cDNA was inserted into the I-Ppol site of
AK-BAC-IPpol by in vitro ligation to generate AK-BAC-Mucl. The positions of BamHI (Bam) and EcoRI (Eco) sites are indicated.
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EBV episomes, and we found that AK-BAC-GFP2 was also
competent for making infectious viruses in the absence of
wild-type episomes (data not shown).

LCLs with type III latent gene expression were established
with BAC virus. Culture supernatant containing recombinant
viruses derived from AK-BAC-GFP was used to infect cord
blood lymphocytes in order to determine its infectivity and
transforming titer. As a comparison, culture supernatant of
EGFP-EBV (18), which had been made by conventional strat-
egy, was subjected to the same assay. EGFP-EBV carries a
GFP transgene inserted into the BamHI X region of the EBV
genome derived from Akata cells but lacks a BAC sequence.
We found that recombinant viruses derived from AK-BAC-
GFP efficiently immortalized B lymphocytes and that the re-
sultant LCLs strongly expressed GFP (Fig. 7A). The calculated
50% transforming dose of AK-BAC-GFP virus was 10°2 TDs,/
ml, which is comparable to the 10°7 value obtained with
EGFP-EBV. This result demonstrates that insertion of a BAC
vector sequence into the EBV genome does not affect the
ability of EBV to transform B lymphocytes. In addition, we
found that LCLs established by BAC viruses exhibited type III
latency (23), in which all six EBNA proteins and LMP1 protein
were expressed (Fig. 7B). Therefore, during the process of
recombinogenic engineering and propagation of BAC clones
in E. coli, AK-BAC-GFP fully retained the ability to express
viral latent gene products. We also examined the expression of
BARTsS, the transcripts of which are transcribed across the
region deleted in strain B95-8. Despite the presence of the
GFP/Neo/Km" transgene, BART mRNA could still be de-
tected in Akata cells and LCLs harboring AK-BAC-GFP (Fig.
70).

We next examined whether we could rescue intact BACmids
from established LCLs. Episomal DNAs were prepared from
the established LCLs, and they were transferred back into E.
coli. Restriction enzyme digestion revealed that recovered
BAC clones exhibited identical DNA fragments, except for the
altered copy numbers of terminal repeats compared to those of
AK-BAC-GFP, which had been used for transfection of Akata
cells (Fig. 7D). These results indicate that the structure of
AK-BAC-GFP, including the inserted BAC vector sequence,
was stably maintained during the processes of virus production,
infection, and lymphocyte transformation.

Rapid insertion of transgenes using an I-Ppol site artifi-
cially introduced into AK-BAC. Experimental data described
above clearly demonstrate that AK-BAC can be used as a
replication-competent vector for expressing various transgenes
in LCLs. As LCLs expressing transgenes can be used as anti-
gen-presenting cells for immunotherapy (13, 22), expediting
the process of transgene insertion into the EBV genome is a
matter of importance. Therefore, we generated a derivative of
AK-BAC, to which any kind of cDNA cassette could be in-
serted by simple in vitro ligation. For this purpose, we utilized
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a rare-cutting restriction enzyme, called I-Ppol, which has been
used for modifying a large construct (>100 kb) (36). As the
recognition sequence of I-Ppol is longer than 15 bp (1), no
I-Ppol site exists in the genome of Akata strain EBV as well as
in various AK-BAC derivatives. A cassette consisting of an
SV40 enhancer and promoter, a synthetic I-Ppol site, a poly-
adenylation signal, and Neo" and Km" genes was inserted into
the same location of AK-BACAneoAkm, where the GFP/Neo'/
Km" cassette had been inserted to construct AK-BAC-GFP
(compare Fig. 4A and 8A). The successful introduction of this
cassette was first verified by restriction enzyme digestion
(EcoRI, BamHI, and Ncol) and agarose gel analyses (data not
shown). The resultant BAC clone, designated AK-BAC-IPpol,
was then digested with I-Ppol and analyzed by pulsed-field gel
analyses. The results revealed that I-Ppol digestion of two
independent clones of AK-BAC-IPpol generated a unique
170-kb band (Fig. 8B), indicating the successful introduction of
an artificial I-Ppol site.

AK-BAC-IPpol can then be used to subclone transgenes by
simple in vitro ligation. As an example, we chose a transgene of
Muc-1 mucin (3), one of the tumor-associated antigens fre-
quently used for cancer immunotherapy. AK-BAC-IPpol was
linearized with I-Ppol and then dephosphorylated, and the
linear 170-kb vector was ligated with an I-Ppol fragment con-
taining Muc-1 cDNA. We successfully obtained BAC clones
that had a correctly orientated Muc-1 cDNA inserted into the
unique I-Ppol site of AK-BAC-IPpol (Fig. 8C).

AK-BAC-Mucl was then transfected into EBV-positive
Akata cells via electroporation, and transfected cells were se-
lected by G418. BACmids were rescued from G418-resistant
cell clones and analyzed for the presence of intact AK-BAC-
Mucl. We obtained three cell clones in which intact episomes
of AK-BAC-Mucl coexisted with wild-type EBV episomes
(Table 1, experiments 7 and 8). Treating the cell lines with
anti-IgG readily produced the mixture of wild-type and AK-
BAC-Mucl viruses, and the mixture was then used for infect-
ing cord blood lymphocytes. The established LCLs were ini-
tially 30 to 40% Mucl positive, but they became 100% Mucl
positive after G418 selection (Fig. 8D). Intact AK-BAC-Mucl
was rescued from the resultant LCLs, and a PCR-based assay
revealed minimum contamination of wild-type EBV episome.
Therefore, we conclude that AK-BAC-Mucl retains the ability
to transform B lymphocytes and that I-Ppol site-mediated
cloning can greatly accelerate the establishment of LCLs ex-
pressing various transgenes.

DISCUSSION

We cloned the genome of Akata strain EBV as a BAC clone,
and the resultant BAC clone was designated AK-BAC. All the
restriction enzyme digestion data of this study fit an available
restriction map of the genome of Akata strain EBV (K.

(B) DNAs of two independent clones of AK-BAC-IPpol before (lanes 5 and 7) and after I-Ppol digestion (lanes 6 and 8) were analyzed by
pulsed-field gel electrophoresis. For a control, a BAC clone with a 150-kb NotlI insert was digested by NotI and analyzed on the same gel (lane
4). DNA size markers of 1-kb ladder (lane 1), 5-kb ladder (lane 2), together with MidRange I pulsed-field gel (PFG) markers (New England
BioLabs) (lanes 3 and 9), were resolved on the same gel. (C) Restriction digestion analysis of BAC clones before and after Muc-1 insertion (two
independent clones). The bands that appeared after Muc-1 insertion are indicated by small white circles. (D) A fluorescence image demonstrating
Mucl expression in established LCLs (right) is shown with a corresponding differential interference contrast image (left).
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Takada, unpublished data), strongly arguing that the BAC
clone contains the entire EBV genome without any deletion.
Although B95-8 strain of EBV genome has been cloned as an
infectious BAC clone (8), our AK-BAC is the first to clone the
entire EBV genome including the region which is deleted in
B95-8 strain of EBV (6, 21). We successfully produced infec-
tious viruses of AK-BAC-GFP (Fig. 4 to 7), AK-BAC-GFP2
(Fig. 4), and AK-BAC-Mucl (Fig. 8). They were maintained as
episomes in infected cells and could be rescued from cells and
transferred to E. coli as intact BAC clones, indicating that
AK-BAC can shuttle between human cells and E. coli. Impor-
tantly, insertion of a BAC vector sequence and transgenes into
the genome of Akata strain EBV had little, if any, effect on its
transforming ability.

Our system is the first to use B cells (Akata cells) for pro-
ducing recombinant viruses that have been engineered using
the BAC system. We also tested the feasibility of using epithe-
lial cells (293 cells) for producing AK-BAC-GFP viruses ac-
cording to the previous report (8). We successfully produced
infectious viruses after stimulating virus production by BZLF1
transfection, but the amount of recombinant virus was far less
than that obtained from anti-IgG-stimulated Akata cells (data
not shown). Although there is plenty of room for improving the
293 cell-based system, the Akata cell system has the advantage
of producing large quantities of recombinant viruses by simple
anti-IgG treatment. AK-BAC-GFP and AK-BAC-GFP2 pre-
sented in this study would serve as starting materials for ge-
netic analyses of EBV, and such analyses can be performed
using Akata cells under physiological conditions.

We found that EBV-positive Akata cells, but not EBV-
negative ones, efficiently supported episome formation of
transfected AK-BAC-GFP (Table 1). One interpretation of
this result is that EBNAI expression was insufficient after
transfection of naked DNA (AK-BAC-GFP) into EBV-nega-
tive Akata cells. EBNALI protein is essential for episomal rep-
lication of oriP plasmids (15) as well as for minimizing mitotic
loss of oriP plasmids via its chromosome tethering ability (10,
12, 17). On the basis of our observation that EBV-negative,
EBNAI1-positive Akata cells are apparently more competent to
support episome formation than EBV-negative Akata cells, it
is most likely that transfected BACmids efficiently form epi-
somes in EBV-positive Akata cells, as EBNAL1 protein is sup-
plied from wild-type EBV episomes in frans. We are currently
testing whether EBV-negative, EBNA1-positive Akata cells
can substitute for EBV-positive Akata cells in our system. On
the other hand, AK-BAC-GFP efficiently formed episomes
after transfection into 293 cells and HeLa cells (data not
shown), and supplying EBNAL1 protein in trans was not neces-
sary. The discrepancy of episome formation efficiency between
Akata cells and epithelial cells (293 cells and HeLa cells) may
be due to the difference of the EBNAI expression efficiency
from transfected BACmid DNAs.

A recombination strategy called GET recombination (19,
20) was successfully used for mutagenesis of several other
herpesviruses, including Marek’s disease virus (25), Kaposi’s
sarcoma virus (38), and bovine herpesvirus 1 (16). We used
GET recombination to construct EBV recombinants for the
first time. The beauty of this protocol is that homology arms of
only around 50 bp are needed to obtain homologous recom-
binants. Therefore, to generate linear targeting constructs, one
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can conveniently use PCR amplification with a pair of synthetic
primers having approximately 50-bp sequences homologous to
EBV genome sequences on their 5’ ends (19). Such flexibility
would greatly accelerate the generation of various EBV recom-
binants. Although BAC clones having EBV genomes were
propagated in E. coli for many generations during mutagene-
sis, all the tested BAC clones were very stably maintained in E.
coli.

AK-BACAneoAkm, which we used for transgenesis, has a
BAC vector sequence and a chloramphenicol resistance gene
inserted into the BamHI X region of the Akata strain EBV
genome (Fig. 3 and 4). By further inserting a GFP/Neo"/Km"
cassette into AK-BACAneoAkm, we have shown that at least
two loci (the region deleted in strain B95-8 and the BamHI X
region) can accommodate additional 4.2-kb sequence (the size
of GFP/Neo/Km") without impairing the ability of producing
progeny viruses. We have also shown that a single-cutting I-
Ppol site generated within the region deleted in strain B95-8
can be used to quickly insert transgenes into the EBV genome.
AK-BAC-Mucl, which was constructed by I-Ppol site-medi-
ated cloning, was efficiently packaged into infectious virions,
and LCLs expressing Mucl mucin were readily established
(Fig. 8D). Such LCLs should be useful for stimulating Mucl-
specific cytotoxic T cells ex vivo for cancer immunotherapy (13,
22). The most appropriate locus for transgene insertion and
the size limitations of transgenes remain to be further clarified.

Introduction of BAC-based technology has enabled various
modifications of EBV genomes that had been practically im-
possible using conventional methodologies. The ability to mod-
ify the EBV genome in E. coli, including GET recombination,
cre-mediated excision, and I-Ppol site-mediated cloning, en-
ables unprecedented flexibility of genome engineering. AK-
BAC system will find a broad range of applications, such as
genetic analyses of various viral gene products and develop-
ment of viral vectors for human gene therapy.
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